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INTRODUCTION 


The  research  performed  under  this  program  has  focused  on  studying  eptical  pro¬ 
perties  of  non-spherical  particles  in  the  laboratory.  It  required  the  development 
of  techniques  for  routinely  generating  and  collecting  artificial  aerosols  of  known 
chemical  composition,  for  performing  light  scattering  measurements,  and  for  inter¬ 
preting  light  scattering  data.  Progress  on  each  techniuqe  has  been  achieved  and  we 
will  discuss  the  main  results  for  each  of  these  three  basic  activities  separately. 
Along  with  the  results,  we  shall  also  discuss  our  conclusions  and  recommendations 
for  future  research. 


1.  Generation  and  Collection  of  Optical  Aerosols 


1 . 1  Experimental  Techniques 

We  used  two  different  kinds  of  generators  for  our  studies  -  one  for  monodisperse 
aerosols  and  one  for  polydisperse  aerosols: 

a)  The  monodisperse  aerosol  generator  was  a  TSI  Model  3050,  a  commercially  avail¬ 
able  instrument  that  operates  with  an  ultrasonic  vibrator  that  breaks  a  liquid  jet 
into  equal-volume  droplets.  The  liquid  in  the  jet  is  a  solution  of  known  chemicals 


and,  after  the  droplets  dry  out  in  a  flow  of  clean  air,  they  leave  residual  particles 
with  characteristic  shapes.  Some  examples  of  the  types  of  particles  obtained  with  this 


device  are  shown  in  Appendix  I. 


b)  The  polydisperse  aerosol  generator  was  assembled  in  our  laboratory  as  a  repro¬ 


duction  of  one  of  the  aerosol  generators  used  during  the  First  Workshop  on  Light 
Absorbing  Particles,  Fort  Collins,  Colorado,  in  1980  (Gerber  and  Hindman,  1982). 
Compressed  air  flows  through  each  of  three  bottles  in  series.  Each  bottle  is  par¬ 
tially  filled  with  the  solution  used  to  form  the  particles.  Air  passing  through  the 
first  bottle  becomes  saturated  with  respect  to  the  chemical  solution  being  used  to 


generate  the  particles.  If  saturated  air  from  the  first  bottle  is  bubbled  through 
the  liquid  in  the  second  bottle,  the  concentration  oi  that  liquid  will  not  change 
since  evaporation  losses  will  be  minimized.  The  bubbles  in  bottle  #2  break  and 
cause  droplets  to  be  injected  into  the  air.  A  jet  of  air  with  suspended  droplets 
from  the  second  bottle  is  directed  toward  the  surface  of  the  liquid  in  the  third 
bottle  so  that  the  largest  of  the  droplets  will  be  removed  by  impaction.  The  smal¬ 
ler  droplets  proceed  through  the  system,  they  evaporate  in  dry  air,  and  the  droplet 
residue  then  forms  a  polydisperse  aerosol.  This  system  was  simple  to  assemble, 
operated  steadily  for  long  periods  of  time,  and  generated  reproducible  aerosol  size 
d is t ribut: ions  from  one  experiment  to  another. 

For  aerosol  collection  we  used  nuclepore  filters  made  of  polycarbonate  membrane 
with  hole  diameters  of  0.4  urn.  Circular  filters  with  diameters  of  25  mm  were  used 
for  short  sampling  times  of  the  order  of  10  min,  and  filters  with  diameters  of  47  mm 
were  used  for  long  sampling  times  of  the  order  of  a  few  hours.  In  both  cases  we  used 
plastic  filter  holders  and  a  sampling  differential  pressure  of  25  cm  Hg.  The  shorter 
aerosol  sampling  times  were  used  for  the  filters  to  be  analyzed  with  the  scanning 
electron  microscope;  in  that  case  the  aerosol  flow  was  sampled  through  a  1-mm  hole 
in  the  cap  of  the  filter  holder.  The  long  filtration  times  were  used  for  determin¬ 
ation  of  the  mass  by  weight;  for  those  cases,  no  caps  were  used  during  the  filtra¬ 
tion  process. 

1 . 2  Results 

A  monodisperse  aerosol  generator  (TSI  Model  3050)  was  used  for  generating  the 
non-spher ical ,  non-homogeneous  aerosol  particles  during  our  light  scattering  study. 
The  vibrating  orifice  generator  is  capable  of  producing  a  continuous  flow  of  prac¬ 
tically  monodisperse  droplets  of  known  chemical  solutions.  In  our  experimental 
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apparatus  the  droplets  were  rapidly  evaporated  in  a  relatively  strong  flow  of  fil¬ 
tered  dry  air  (v.  6  m3/hour)  and  samples  of  the  remaining  dry  residue  were  collected 
on  nuclepore  filters  after  passing  through  a  1-m  length  of  46-mm  diameter  metallic 
tubing  which  served  as  an  aerosol  flow  tube  for  the  Georgia  Tech  laser  polar  nephe- 
lometer  (Grams  et  al.#  1975).  Figure  1  shows  schematically  the  experimental  set-up 
along  with  some  additional  technical  information. 

Analyses  of  the  filters  with  a  scanning  electron  microscope  (SEM)  enabled  us 
to  determine  morphological  characteristics  of  the  particles  such  as  the  particle 
shape  and  size  as  well  as  the  roughness  and  degree  of  irregularity  of  the  surfaces. 
It  also  allowed  us  to  establish  the  amount  of  uniformity  amongst  the  monodisperse 
particles.  Examples  of  the  variety  of  particle  characteristics  obtained  with  our 
aerosol  generation  system  are  shown  in  Appendix  I. 

All  the  chemical  compounds  used  in  our  study  were  dissolved  in  a  50-50  solution 
of  ethanol  and  water  and  loaded  in  a  50  cm3  disposable  plastic  syringe.  With  the 
20-iim  diameter  generator  orifice  and  the  gear  ratio  specified  by  the  instruction 
manual  of  the  aerosol  generator,  it  proved  to  be  straightforward  to  obtain  contin¬ 
uous  aerosol  flows  for  time  periods  lasting  from  approximately  two  hours  to  a  maxi¬ 
mum  of  about  six  hours.  No  modifications  were  performed  on  the  instrument,  and  the 
instrument  was  operated  in  accordance  with  the  procedures  outlined  in  the  manufac¬ 
turer’s  instruction  manual. 

The  range  of  concentrations  ol  the  various  compounds  in  the  50-50  ethanol - 
water  solutions  was  between  6,6  x  30  to  6.3  x  10  (by  volume)  corresponding  to 
particle  sizes  that  were  approximately  bc*tween  1  and  6  pm  (with  the  20-pm  generator 
orifice).  While  using  a  given  compound ,  it  was  fairly  easy  to  produce  particles 
with  a  sliape  similar  to  those  wanted;  however,  it  proved  to  be  difficult  with  our 
standard  set-up  to  reproduce  particles  ot  the  same  size  (within  the  uncertainties 
of  the  SEM)  in  different  experiments.  The  compounds  tested,  and  examples  of  the 
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Figure  1.  The  experimental  setup  used  in  the  measurements  consisted  of 
the  Bergl und-Li u  generator,  the  Georgia  Tech  polar  nephelometer  and  the 
system  for  Nuclepore  filter  aerosol  sampling. 


particles  obtained  in  our  laboratory  are  Listed  on  the  following  pages  along  with 
other  supplementary  information.  In  addition  to  the  material  presented  in  the  manu¬ 
facturer's  instruction  manuals,  additional  examples  and  details  on  the  vibrating 
orifice  generator  may  be  found  in  a  variety  of  articles  such  as  Bergxund  and  Liu 
(1973),  Pinnick  et  al.  (1976),  and  Liu  (1975). 

It  should  be  noted  that  our  monodisperse  particle  generator  was  operated  with¬ 
out  the  use  of  an  option  offered  by  the  manufacturer,  namely,  a  radiation  source  to 
prevent  electrostatically  charged  particles.  We  regarded  this  attachment  as  an 
item  that  would  be  important  for  preventing  the  loss  of  aerosol  particles  to  the 
wal Is  of  small  diameter  aerosol  flow  systems.  Such  losses  are  expected  to  increase 
with  particle  size  and,  for  the  range  of  particle  sizes  in  our  experiments,  these 
losses  were  expected  to  be  negligible.  While  our  data  supports  such  assumptions, 
we  did  encounter  one  effect  that  might  have  been  eliminated  by  the  use  of  the  radia¬ 
tion  source.  In  some  of  our  filter  samples,  the  SEM  photographs  showed  particles 
that  appeared  to  stick  to  each  other  as  in  Figure  4b  of  Appendix  I.  We  believe 
that  the  fragile  structures  indicated  in  such  photographs  are  formed  by  electro¬ 
static.  attraction  between  individual  particles  on  the  filter  surface  (rather  than 
in  the  air).  For  future  work,  we  would  recommend  that  the  radiation  source  be  used 
to  prevent  such  effects  and  to  provide  better  documentation  on  the  morphology  of  the 
artificially  generated  particles. 

The  examples  shown  in  Appendix  I  demonstrate  that  fairly  good  results  can  be 
obtained  with  the  Berglund-Liu  generator  by  simply  following  the  instruction  manual 
and  without  special  instrumentation  training.  Our  results  to  date  indicate  the 
most  interesting  particle  shapes  that  we  can  generate  are  those  that  were  obtained 
from  mixtures  of  different  compounds  of  known  refractive  indices  as  in  Figure  6  of 
Appendix  I.  We  hope  in  the  near  future  to  be  able  to  extend  these  experiments  with 
the  aerosol  generator  to  develop  procedures  for  obtaining  reproducible  results  for 
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a  variety  of  unusual  particle  shapes. 

On  one  hand,  the  development  of  ad  hoc  laboratory  techniques  is  necessary  for 
one  to  generate  these  unusual  shapes.  On  the  other  hand,  these  particles  are  rep- 
presentative  of  the  kind  of  particles  actually  occuring  in  nature  and  the  shapes 
are  of  interest  in  many  atmospheric  applications.  In  fact,  the  particles  that  we 
generated  by  mixing  75%  ammonium  sulfate  and  2 5%  nigrosine  dye  in  a  50-50  ethanol - 
water  solution  with  a  concent  ration  of  6.6x10”'  by  vol ume  were  similar  to  those  mea¬ 
sured  by  the  NASA  Langley  Research  Center  with  a  quartz  crystal  microbalance  in  the 
stratosphere  after  the  eruption  of  El  Chichon  volcano  (Personal  communication,  David 
Woods,  NASA/LaRC,  1982). 

With  regard  to  our  "home  made"  system  for  generating  a  polydisperse  aerosol, 
a  "typical”  size  distribution  obtained  with  the  system  is  shown  in  Figure  2  for 
the  case  of  a  solution  of  sodium  chloride.  These  measurements  were  obtained  with 
a  Knollenberg  counter  (PMS  Model  LAS-X) .  The  aerosol  polvdispersions  generated 
with  this  system  did  not  appear  to  be  electrost.at ical  ly  charged;  the  size  distribu¬ 
te  ion  in  these  cases  seemed  to  depend  mostly  on  the  surface  tension  of  the  solut  ion  and 
on  the  air  pressure  used  for  the  bubbler  during  the  experiments. 

Tin-  main  population  of  the  particles  from  the  polydisperse  generator  was  usual¬ 
ly  in  the  size  range  around  0.1  micrometer  radius.  With  water  solutions  at  differ¬ 
ent  concentrations,  it  was  easy  to  change  the  mean  size  of  the  main  population  of 
the  particles  by  a  factor  of  two  from  this  typical  value.  The  generation  of  larger 
particle  sizes  could  be  achieved  by  replacing  the  capillary  glass  tubing  in  the 
second  bottle  with  a  porous  glass  pipette  and  drying  the  aerosol  immediately  after 
the  part  Ides  lef  t  the  second  bottle.  We  ran  only  a  few  tests  with  the  source  in 
this  configuration,  and  we  did  not  measure  its  stability  with  time. 

As  the  general  conclusions  of  this  section,  we  can  make  the  following  state¬ 
ments  : 


PARTICLE  CONCENTRATION  (per  cm3) 
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-  The  Berglund  Liu  vibrating  orifice  generator  proved  to  be  a  stable  and 
dependable  monodisperse  aerosol  source.  The  use  of  an  orifice  diameter  of 
20  pm  permitted  long  and  stable  operation  for  particles  in  the  size  range 
between  0.5  pm  and  2  pm  radius  with  flow  rates  of  the  order  of  10  particles/ 
cnr/s.  The  radiative  source  for  neutralizing  the  particles  is  necessary 
only  if  there  are  specific  reasons  for  sampling  the  aerosol  with  smaller 
diameter  plastic  tubing  at  low  flow  rates  or  for  generating  particle  sizes 
larger  than  a  few  microns. 

-  Particle  collection  on  filters  for  analyzing  the  particles  at  the  SEM  is 
straightf orward  and  can  be  done  with  characteristic  times  of  the  order  of 
10  minutes.  No  particular  care  is  needed  unless  it  is  necessary  to  avoid 
particle  aggregation  due  to  electrostatic  charge  or  particle  breaking  due 
to  the  fragile  nature  of  the  particles  (  ^ee  Fig.  4b,  Appendix  1). 

-  Stable  aerosol  polydispersions  in  the  submicron  size  range  could  be  genera¬ 
ted  by  bubbling  air  through  solutions  in  the  way  that  was  described  above; 
the  stability  of  such  sources  is  good  and  fairly  well  reproducible.  The 
particle  concentration  depends  mainly  on  the  amount  of  diluting  air  used 

for  drying  the  particles.  If  simple  rubber  stoppers  are  used  on  the  bottles 
to  maintain  air  pressure,  typical  maximum  pressures  are  of  the  order  of 
14  x  103  Pa. 


2.  Light  Scattering  Measurements 

2 . 1  Experimental  Techniques  and  Results 

A  systematic  description  of  the  experimental  apparatus  and  of  the  results  are 
described  in  the  attached  Appendix  II.  Most  o'.'  the  data  had  been  taken  using  a 
HeNe  laser  as  a  light  source  at  6328  A  for  a  p.>lar  ncphelometer  measuring  scatter- 


b. 
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in^;  angles  between  10  and  170°  in  two  orthogonal  planes  of  polarization  of  the  inci¬ 
dent  light.  An  informal  collection  of  most  of  the  90  measurements  made  during  the 
course  of  our  study  is  available  upon  request;  the  typical  relative  error  on  single 
data  points  was  less  than  10%.  Other  available  light  sources  such  as  the  dye  laser, 
were  not  stable  enough  to  perform  dependable  measurements. 

2 • 2  Cone lusions 

From  the  viewpoint  of  the  optical  measurements,  many  interesting  conclusions 
can  be  drawn.  The  polar  nephelometer  properly  performed  measurements  of  light 
scattering  on  the  set  of  particles;  we  did  not  have  any  indication  that  the  parti¬ 
cles  were  not  randomly  oriented.  This  factor  allowed  us  to  rapidly  measure  the 
light  scattering  characteristics  of  particles  without  having  to  perform  averaging 
on  different  orientations. 

The  only  systematic  uncertainty  on  the  data  set  has  been  introduced  by  the 
percentage  (typically  less  than  10%)  of  particles  with  double  volume,  generated 
along  with  the  main  population  of  monodisperse  particles.  Generally  speaking,  we 
noted  that  the  following  properties  of  monodisperse  particles  can  be  observed 
directly  on  the  raw  data  prior  to  any  specific  data  analysis;  if  the  particles  have 
a  quas i-spheri cal  symmetry  with  various  irregular  features  appearing  on  their  sur¬ 
faces,  it  is  possible  to  evaluate  the  size  parameter  x  of  the  particles  (x  =  2Trr/X, 
where  r  is  the  radius  and  -  the  wavelength  of  the  illuminating  beam)  from  the  value 
of  the  angle  ”i  where  the  first  observable  diffraction  minimum  occurs  in  the  scat¬ 
tering  curve  in  coincidence  with  the  first  zero  of  the  Bessel  function  of  the  first 
kind.  This  can  be  compared  using  the  formula: 


x  -  3.83/sin0i 


or,  with  less  precision,  from  the  angle  02  corresponding  to  the  second  minimum  of 
the  diffraction  curve  using  the  formula: 

x  =  7/sin02  * 

These  results  are  almost  independent  of  the  shape  and  size  of  the  particles.  It  is 
also  possible  to  qualitatively  estimate  when  a  particle  is  light  absorbing  from  the 
difference  existing  in  the  scattering  intensities  around  60°  for  two  orthogonal 
planes  of  the  polarized  incident  light;  in  fact,  high  values  of  polarization  along 
this  scattering  direction  can  usually  be  associated  with  a  high  fraction  of  light 
absorbed  inside  the  particles.  While  generally  true,  this  rule  cannot  be  applied 
to  metallic  particles  or  for  particles  with  size  parameters  less  than  about  5. 

3.  Analysis  of  Light  Scattering  Data 

3 . 1  Summary  of  Numerical  Procedures 

'Hie  final  results  of  each  experiment,  aftor  reducing  the  data  for  the  gaseous 
scattering  and  instrumental  response  and  averaging  the  various  angular  scans,  con¬ 
sisted  of  graphs  of  the  average  measured  intensities  plotted  versus  angle  in  the 
interval  10-170°  for  each  plane  of  polarization  of  the  laser  beam  illuminating  the 
flow  of  particles.  We  concentrated  our  attention  on  studying  the  characteristics 
of  the  normalized  phase  functions,  P i ( 0 )  and  P  (G),  as  defined  by  Diermendjian 
(1969),  because  these  functions  are  independent  of  the  number  of  particles  per  unit 
time  crossing  the  laser  beam  or  of  any  absolute  calibration  of  the  instrument.  In 
fact,  we  measured  particles  for  the  interval  of  size  parameters  from  x  =  r>  up  to 
the  value  of  x  =  30,  where  the  scattering  cross  section  of  the  absorbing  particle 


is  close  to  the  value  predicted  by  geometric  optics.  The  asymmetry  parameter. 


Pi  Cm)  ±  P2  (u) 


P  dy 


-1 


wliere 


y  =  cosO  , 

can  he  computed  from  the  normalized  data.  For  nonabsorbing  particles,  g  is  appro¬ 
ximately  related  to  the  scattering  efficiency  factor  by  the  relation: 

Q  (1  -  g)  ~  constant 
sea 

for  size  parameters  larger  than  10.  In  both  cases,  it  is  possible  to  recover  some 
of  the  information  on  scattering  and  extinction  coefficients  that  have  been  lost  in 
the  normalization  procedure. 

Previous  comparisons  between  the  Mie  theory  and  measurements  taken  with  micro- 
wave  and  light  scattering  techniques  gave  apparently  opposite  results  (Zerull,  1976; 
Pinnick  et  al.,  1976).  Therefore,  it  was  rather  important  to  choose  a  data  analysis 
procedure  that  would  lead  to  results  as  independent  as  possible  from  the  specific 
experimental  procedure.  The  numerical  techniques  used  to  normalize  the  data,  to 
estimate  the  size  parameter  and  to  compute  the  asymmetry  parameters,  have  been 
described  in  detail  in  Appendix  II  and  will  not  be  repeated  here. 

On  ill  the  data  sets,  we  ran 

-  intercomparisons  with  the  Mie  theory  for  spherical  particles; 

-  inversion  procedures  based  on  the  Mie  theory  (Baker  and  Coletti,  1982) 

-  a  modified  version  of  the  Pollack  and  Cuzzi  (1980)  theory; 
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-  a  least-squares  inversion  for  determining  the  percentage  of 

diffracted,  reflected  and  refracted  light  from  the  scattering  particles. 

3 . 2  Conclusions 

Non-light  absorbing  particles  had  measured  phase  functions  that  were  almost 
featureless  with  only  a  few  oscillations  in  the  forward  scattering  and  the  backward 
scattering  directions.  Interestingly,  the  intercomparisons  with  the  Mie  theory  for 
spherical  particles  showed  that,  in  the  cases  where  it  was  possible,  the  phase  func¬ 
tion  best  fitting  the  forward  scattering  did  not  fit  as  well  in  the  backward  scat¬ 
tering  and  vice  versa.  Somewhat  analogous  conclusions  had  been  reached  by  P innick 
et  al.  (1976)  who  interpreted  their  data  in  terms  of  Mie  spheres  with  concentric 
voids . 

Our  inversion  program  based  on  the  Mie  theory  did  not  give  definitive  numeri¬ 
cal  results, and  any  expectations  about  representing  measured  light  scattering  with 
a  set  of  "equivalent  spheres"  should  not  be  encouraged  at  this  point.  For  the  non- 
spherica.1  particles,  we  were  not  able  to  find  any  systematic  relat  ions  hips  between 
the  sizes  of  the  particles  measured  and  the  retrieved  sizes.  The  retrievals,  in 
fact,  appeared  to  be  more  dependent  on  our  choice  of  size  bins  and  error  smoothing 
methods  than  on  any  of  the  obvious  physical  parameters  for  describing  the  irregular 
particles . 

We  did  not  have  a  great  deal  of  success  in  applving  the  Pollack  and  Cuzzi 
(1980)  theory  for  aerosol  particle  polydispersions  to  our  monodisperse  systems. 

This  theory  is,  crudely  speaking,  based  on  describing  the  scattering  pahse  functions 
with  the  Mie  theory  for  smaller  particle  sizes  and  letting  the  rest  of  the  scatter¬ 
ing  contributions  be  represented  by  a  combination  of  diffraction,  reflection  and 
transmission  properties  of  the  larger  particles.  In  practice,  the  Mie  curves  that 
represented  the  best  compromise  for  fitting  the  oscillations  observed  in  the  experi- 
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mental  data  in  the  forward  and  backward  directions  was  such  as  to  dramatically  de¬ 
crease  the  diffraction  contributions  by  forcing  the  coefficients  of  reflected  and 
refracted  components  toward  unreasonable  values  compared  with  diffraction.  On  the 
other  hand,  if  the  Mie  contributions  were  decreased,  the  resulting  fits  were  unac¬ 
ceptable,  because  the  reflected  and  refracted  component  were  represented  by  func¬ 
tions  that  are  somewhat  similar  to  each  other  and  could  net  be  uniquely  distinguished 
A  procedure  of  fitting  the  main  forward  scattering  peak  to  diffraction  patterns  was 
some  of  the  time,  in  disagreement  with  the  secondary  peaks.  Therefore,  the  forward 
scattering  could  not  be  properly  represented  by  simple  linear  combinations  of  dif¬ 
fraction,  transmission  and  reflection.  Consequently ,  we  devised  our  own  non-linear 
procedure,  as  described  in  Appendix  II,  for  the  representation  of  the  aerosol 
scattering  patterns. 
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APPENDIX  I. 


on-Spherical  Aerosol  Particles  Obtained  With  The 
Vibrating  Orifice  Generator 


Sodium  Chloride 


Sodium  chloride  (complex  refractive  index  =  1.54)  crystallizes  in  spherical 
shells  made  of  right  paral lelepipeds  as  shown  in  Figure  2a.  At  low  values  of 
concentration  this  quasi-regular  structure  seldom  occurs  and  structures  like 
those  shown  in  Figure  2b  (left)  are  more  likely  to  occur. 

Table  I  shows  the  numerical  volumetric  concentrations  obtained  in  our  labor¬ 
atory,  the  actual  minimum  and  maximum  sizes  determined  by  analyses  of  SEM  photo¬ 
graphs,  and  brief  comments  on  the  particle  shape  at  each  concentration. 


Table  I 

Sodium  Chloride 

m  =  1.54  @  X  =  .633  pm;  o  =  2.165  g  cm 


Concentration 

Expected 

Equivalent 

Diameter 

(um) 

Observed 

Sizes 

(pm) 

Comments 

6 . 6 

X 

10'6 

,  0.78 

1.3  -  1.5 

Li  ke 

in 

Fig.  lb 

6.9 

X 

10'6 

0.8 

1.0  -  2.1 

Cubes 

5.3 

X 

10"  5 

1.6 

1.6  -  2.3 

Fig. 

lb 

8.3 

X 

io‘ 5 

1.8 

2.1  -  2.6 

Like 

in 

Fig.  la 

4.2 

X 

10~4 

3.1 

4.4  -  4.8 

Like 

in 

Fig.  la 

6.7 

X 

10-4 

3.7 

4.7  -  4.9 

Fig. 

la 

6.3 

X 

10'3 

7.7 

5.2  -  5.9 

Like 

in 

Fig.  la 

Ammonium  Sulfate 


Ammonium  sulfate  (complex  refractive  index  =  1.55)  crystallizes  in  non- 
spherical  particles  formed  by  single  or  agglomerated  round-edged  crystals 
(Figure  3  and  relative  data  in  Table  II).  Ke  have  found  indications  from  our 
optical  measurements  that  this  particle  might  be  hollow.  This  fact  has  not 
been  confirmed  by  other  authors'  observations. 

Table  II 

Ammonium  Sulfate 

m  -  1.55  @  A  =  .633  pm;  o  =  1.769  g  cm"^ 


Concentration 

Expected 

Equivalent 

Diameter 

(pm) 

Observed 

Sizes 

(pm) 

Comments 

5.3  x 

10’5 

1.6 

1.9  -  2.3 

Fig. 

2a 

8.3  x 

IQ'5 

1.8 

2.2  -  2.4 

Li  ke 

in 

Fig.  2a 

4.2  x 

IQ'4 

3.1 

♦ 

3.5  -  4.0 

Fig. 

2b 

6.7  x 

IQ’4 

3.7 

3.2  -  4.0 

Li  ke 

i  n 

Fig.  2a 

Potassium  Chlorate 


Potassium  chlorate  (complex  refractive  index  -  1.48)  crystallizes  in 
spheres  marked  with  wrinkles  of  variable  shaoe  and  depth  that  give  a  character¬ 
istic  aspect  (Figure  4a).  We  have  found  some  indications  of  the  presence  of 
internal  marked  di shomogenei ties.  This  i nterpretation  is  supported  by  observa¬ 
tions  of  the  manner  in  which  the  fragile  particles  broke  on  impacting  the  filter 
(Figure  4b).  Discussions  by  other  authors  also  tend  to  confirm  this  interpre- 
tati on . 


Table  III 

Potassium  Chlorate 

n  =  1.682  P  \  =  .633  ..m;  .  =  2.32  g  cm 


Concentration 

Expected 

Equivalent 

Di ameter 
(nm) 

Observed 

Sizes 

(um) 

Comments 

6.66  x  10  0 

0.78 

1.1  -  1.3 

Like 

in  P 

5.3  x  10~5 

1.6 

2.2  -  2.3 

Fig. 

3a 

rf 

i 

O 

X 

3.7 

4.2  -  4.5 

Fig. 

3b 

Methylene  Blue 


The  complex  refractive  index  of  Methylene  Blue  is  not  well  known.  Patter¬ 
son  et  aj_.  (1981),  recommended  1.67  -  0.2i  on  the  basis  of  diffuse  transmission 
measurements .  For  our  data  analysis,  we  used  1.67  -  0.6i  on  the  basis  of  com¬ 
parisons  between  the  measured  phase  functions  and  those  calculated  from  Mie 
theory  for  spherical  particles. 

With  this  compound,  it  often  proved  to  be  difficult  to  start  the  liquid  jet 
of  the  aerosol  generator.  We  associate  this  with  an  increased  value  of  surface 
tension  of  the  liquid  that  tends  to  markedly  decrease  the  flow  through  the  liquid 
filter  of  the  syringe.  The  addition  to  the  solution  of  a  little  more  ethanol  was 
usually  enough  to  solve  the  problem.  This  procedure,  however,  caused  some  uncer¬ 
tainty  in  the  recorded  values  of  concentration  and  our  expected  equivalent  par¬ 
ticle  sizes  are  less  reliable  for  this  compound  as  compared  with  our  other  exper¬ 
iment. 


Table  IV 
Methylene  Blue 

% 

m  =  1.67  -  Hg’2  @  X  =  .633  pm;  p  =  1.47  g  cm 


Concentration 

Expected 

Equivalent 

Di ameter 
(um) 

Observed 

Si  zes 

(pm) 

Comments 

l.o-l  X  10'5 

0.93 

0.99  -  1.14 

Like  in  Fig 

5.3  x  10~5 

1.6 

1.0  -  1.2 

Like  in  Fig 

8.3  x  10'6 

1.8 

1.6  -  2.2 

Fig.  4b 

6./  x  10‘4 

3.7 

3.0  -  3.6 

Fig.  4a 

tnyione  'iron  lets  ary  out  lea  vino  ir^eoular  quasi -sp^erica I 

'*Dt-s-  :'x  v  ’  iib!*}  -v*} vo lengths  their  s. traces  can  hardly  tt?  approx 
^  '  1  orn  i  ,  '  h  / .  the  example  on  rho  riant  in  h'  io,!'on- 
r‘  oinv  lone  uiuo  particles  have  i  tendency  to  aoalcrerat 


Nigrosine  Dye 


Nigrosine  dye  particles  had  characteristics  very  similar  to  those  of  Methy¬ 
lene  Blue  in  the  way  they  crystallize  (Figure  6,  left  side).  Pinnick  has  sug¬ 
gested  a  value  of  1.67  -  . 026 i  (±  5'-)  on  the  basis  of  diffuse  reflectance  mea¬ 
surements.  Our  best-fit  refractive  index  values,  based  on  phase  function  com¬ 
parisons  with  Mie  theory  were  1.67  -  0 . 6 i . 

As  an  operational  procedure,  it  is  recommended  that  the  solutions  be  pre¬ 
filtered  before  loading  them  in  the  aerosol  generator.  Some  ethanol  can  be 
added  either  to  replace  the  solvent  that  evaporated  during  the  filtering  process 
or  if,  as  in  the  case  of  Methylene  Blue,  the  surface  tension  of  the  solution 
does  not  allow  sufficient  flow  through  the  system. 

Before  and  after  experiments  with  Nigrosine  dye,  we  found  it  very  helpful 
to  wash  the  aerosol  generator  with  methanol  instead  of  isopropyl  alcohol.  Iso¬ 
propyl  alcohol,  recommended  in  the  manual  of  the  generator  as  a  general  purpose 
solvent,  is  not  a  good  solvent  for  Nigrosine  dye.  Therefore,  either  ethanol  or 
methanol  or  water  was  found  to  be  preferable. 


Table  V 


Nigrosine  Dye 

r0.6 


m  =  1.62  -  Hg'25  +50/ ;  p  -  1.67  g  cm 


-3 


Concentration 


6.6  x  10' 


1.04  x  10 


-5 


Expected 
Equi valent 
Diameter 
(um ) 


Observed 

Sizes 

(pm) 


Comments 


0.78 

0.93 


1.0  -  1.2 
0.9  -  1.1 


Like  Fig.  5a 
Like  Fig.  5a 


NIGROSINf  DYE  PARTICLES 


Mixed  Solutions  of  Ammonium  Sulfate  and  Nigrosine  Dye 


In  terms  of  the  generation  of  non-spherical  crystals,  mixed  solutions  of 
these  two  compounds  can  give  very  interesting  results.  Figure  7(a)  shows  the 
particles  obtained  for  solutions  with  75"  ammonium  sulfate  and  25:^  nigrosine  dye. 
Figure  7(b)  shows  the  particles  obtained  for  solutions  with  251 'i  ammonium  sulfate 
and  75 S  nigrosine  dye.  Solutions  made  with  equal  parts  of  each  salt  had  inter¬ 
mediate  characteristics.  We  consider  this  shape  of  particle  typical  for  the 
mixtures  because  they  reproduce  fairly  well,  as  shown  in  Table  VI.  No  informa¬ 
tion  is  available  at  present  for  representative  effective  values  of  refractive 
index  for  these  solutions. 


Table  VI 

Mixed  Solutions  of  Ammonium  Sulfate  and  Nigrosine  Dye 


Expected 

Observed 

jncenti 

ration 

Equivalent 

Sizes 

Comments 

Diameter 

(pm) 

(pm) 

6.6  x 

10' 6 

0.78 

1.0  -  3.0 

Like  Fig.  6a 

75C  Ammonium  Sulfate 

♦ 

and 

5.3  x 

10 

1.6 

1.0  -  2.7 

Like  Fig.  6a 

25  j  Nigrosine  dye 

6.2  x 

10'4 

3.1 

2.7  -  4.0 

Like  Fig.  6a 

6.6  x 

10'6 

0.78 

0.8  -  1.1 

Irreq.  Like 

50  >  Ammonium  Sulfate 

Fiq  6b 

and 

50'  Nigrosine  dye 

5.3  x 

10  3 

1.6 

1.5  -  2.5 

Like  rig.  6b 

6.2  x 

10'4 

3.1 

4.0  -  6.3 

Dried  Fruits 

Fio.  6b 

6.6  x 

10'° 

0.73 

1.0  -  1.4 

F inure  6b 

25  Ammonium  Sulfate 

and 

5.3  x 

10'5 

1.6 

1.0  -  2.9 

Figure  bb 

75  Nigrosine  dye 

6.2  x 

IQ'4 

3.1 

4.5  -  5.6 

Figure  6b 

AMMONIUM  SULFATE  AND  NIGROSINE  DYE  MIXTURES 


r  v/nnr.  .uimU’  and  morosine  dye  assuaio  irrecjuJar 
niif*s  r.  .*  tnine  i:n-:d  ;rui ts  with  cnar.u:  tor i  s Li  cs  varvinq  almost 
■  f  / :  •  •:  :•»*  •  i :  ;  ’  '  »Hwoen  ,,:i>  :.,,o  .  o  .oouri-.is  .  no  o^apie 

..ri  :•]  *  ,  p .  a  i  '  ■  t  r  in  lions  ot  /‘j  amnion  i  ji.i  su irate  and 
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ABSTRACT 


The  concop*  of  dividing  the  liqht  scattering  by  non-spherical  particles  into 
tlu-eo  components  -  diffracted,  refracted  and  reflected  -  is  discussed  here  in 
the  case  of  monodisperse  aerosol  particles  using  a  set  of  measured  phase  func¬ 
tions.  A  logical  scheme  is  developed  that  allows  a  simple  representation  of 
tlie  light  scattering  properties  of  classes  of  non-spherical  particles  in  a 
region  where  geometric  optics  is  not  expected  to  be  valid.  In  the  limits  of 
Mils  analysis,  it  appears  that  the  equations  developed  can  be  applied  to  lar¬ 
ger  varieties  of  problems  where  there  is  a  need  to  infer  the  optical  proper¬ 
ties  of  non-spherical  particles. 

* 

1  .  INTI -01  ■  PTION 

The  properties  of  liqht  scattere  3  by  suspended  dust  particles  is  of  in¬ 
terest  in  different  fields.  In  some  cases,  light  sources  of  known  character¬ 
istics  are  used  to  obtain  information  on  the  physical  and  chemical  nature  of 
aerosols;  in  others,  suspended  lust  misks  the  properties  of  partially  known 
lignt  sources.  Feu-  example,  various  irodels  of  dust  particles  are  hypothesized 
lm  in:  rare  i  astronomy  in  order  to  exp  La  in  the  high  emissivity  of  certain  Nebulae 


2 

(e.g.,  bowan-itobinson1 )  and  interplanetary  dust  grains  have  been  studied 
through  observations  of  zodiacal  light.  In  the  atmosphere,  where  non- 
aphe rical.  dust  particles  are  commonly  present,  studies  of  the  dependence  of 
radiative  transfer  models  on  the  asymnetry  factor  and  single  scattering  al- 
tvdo  (the  average  cosine  of  the  scattering  angle  and  the  ratio  of  scattering 
to  extinction)  have  shown  that,  under  certain  circumstances,  these  two  parame¬ 
ters  need  to  be  evaluated  with  a  precision  of  few  percent  (see,  e.g.,  Baker 
and  Coletti  ) . 

Light  scattering  processes  are  controlled  by  the  ratio  between  the  size 
of  the  part  iclos  and  the  wavelength  of  the  light  source,  by  the  complex  re¬ 
fractive  ir  iex,  and  by  the  morphology  of  the  particles.  The  large  varieties 
of  shapes  and  chemical  compositions  of  particles  in  nature  and  the  formal  and 
numerical  complexities  of  rigorous  solutions  of  the  Maxwell  equations,  make 
•  *xaet  calculations  impossible  in  many  cases. 

Precis  .»  and  systematic  experimental  studies  of  electromagnetic  scattering 
h.uv  boon  made  by  Zerull  and  by  Schuermann  et  a l.4  using  microwave  techniques 
and  su spend  vi  objects  of  various  shapes  and  chemical  compositions.  Visible 
light  and  1  iboratory-< generated  aerosols  have  been  used  by  different  authors 
(lYxvdi  et  1 1 , '  ;  Holland  and  Gagne*' ;  Nupper  and  Ottcwill7;  Cross  and  Latimer  q 
and  P innick  et  al.  )  to  study  different  shapes  of  particles  in  the  size  range 
vhoro  the  Mio  theory  for  spherical  particles  is  no  longer  a  reasonable  approx¬ 
imation.  Those  experiments  showed  basic  differences  between  the  light  scatter 
in?  proforti.es  of  non-spherical  {^articles  and  analogous  Mie  spheres  for  sizes 
Hi  the  order  of  two  or  tiirec  times  the  wavelength.  Basically  the  light  intensi 
ty,  as  a  i unction  of  the  scattering  anjlo,  does  not  vary  as  much  as  in  the 
sf-hencul  case,  and  it  is  less  sensitive  to  the  light  polarization. 


formulated  a  semi- 


dabsemaont  to  these  observations ,  Pollack  and  Cuzzi1'1 
empirical  theory  to  describe  the  light  scattcrinq  by  polydisperso  size  distri- 
Lotions  el  : articles  of  arbitrary  shapes.  They  assumed  a  linear  combination 
of  Mi-  *  spheres  *md  of  particles  that  are  diffracting,  reflecting,  and  trons- 
::a:.ti::.:  liaht,  obeying  the  laws  of  classical  optics.  In  attempting  to  pro¬ 
vide  a  fit  tin:  procedure.  Pollack  and  Cuzzi  observed  tliat,  in  the  analyzed 
car-s,  the  two  parameters,  asymmetry  factor  and  single  scattering  albedo,  were 
si  ::u  meant  iy  affected  lay  the  morphological  properties  of  the  particles.  In¬ 
directly,  trio  some  observat ion  was  made  by  Pinnick  et  al.  \  who  compared  the 
hi  :ht  scattering  of  partial  Ly  empty  crystals  vith  that  of  spherical  sh.ells. 

*r  t he  first  part  of  this  article,  the  oxr>orim»^ntal  set-up  used  by  Coletti 
and  .•nrir  •  to  study  iieht.  scattering  by  non-sp’norical  particles  of  known 
chemical  composition  is  briefly  f loser ilxxi.  Tne  second  part  discusses  the 
mot  ho :  used  far  the  data  analysis  in  order  to  obtain  proivm  normal  i  nation  of 
r:v»  a  «nd  to  *  >stinute  the  asymmetry  factor  : nr x:>  :ters .  in  the  third  part, 
•ocimn.  'S  ■ emxm  mental  data  ana  re;  orb'd,  adore  with,  a  discussion  of  a  best- 

fittir  :  procedure  that,  analogous  to  Pol  lack  md  Cured,  uses  the  dif- 

♦ 

f r  vet  .  n  ml  reflection  initiations  t o  loser ih  portions  of  the  measur  'd 

prase  : unctions.  Th.e  purpose  oi  this  section  will  ;xr  essentially  to  show  the 
Los  ic  v  recess* 's  active  in  1  ioht;  scattering  by  non-soherical ,  absorbing  and 
non-a:  sorb  mo  ;  articles,  in  order  to  justify  *.  h»%  assumpt ions  made  in  the  follow¬ 
ing  s-  ction.  In  tile  fourth  ;urt:  ,  the  physical  obseivat  ions  are  organized  into 
i  unic  scheme  wind i,  even  tliough  ext  remedy  simpl  if  Led ,  predicts  the  optical. 

*  i:a?!  t.ji'fi  of  ’.articles  of  certain  sham'  categories. 
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1  ■  KXi T1RIM: NTA1 »  SLT-UP 

dunce  the  objective  of  our  set  of  measurements  was  to  study  the  light 
scattering  properties  of  particles  of  definite  shape  and  chemical  composition, 
v  1  nso.i  Liboratory-generated  monodisperse  aerosol  particles.  As  shown  by 
■'irniok  et.  il.  and  Liu1",  a  vibrating  orifice  aerosol  generator  produces 
:\is:cu.Iy  :•  g\xiis{.\^rse  aerosol  particles.  A  solution  of  known  concentration 
r ’  a  salt  :  ;  forced  through  a  small  orifice  driven  by  a  piezo-ceramic  that 
vibratos  at  a  specified  frequency.  The  resulting  jet  breaks  up  into  droplets 
:  an : : orm  size  under  the  combined  effects  of  surface  tension  and  mechanical 
pvt  z:\it  r  a. .  A  relatively  strong  stream  of  dry,  filtered  air  evaporates  the 
solvents  an..:  dilutes  the  aerosol  in  order  to  minimize  coalescence  and  coagula- 
f  is  n  o:  the  particles.  These  two  combined  effects  are  such  that  the  result ina 
size  I  is*  rue.  tion,  as  observed  with  a  scanning  electron  microscope  (SEM)  ,  has 
si  out  id  of  particles  with  volume  double  those  in  the  main  population.  Because 
the  scattering  process  is  basically  proportional  to  the  cross  section  of  the 
particles,  th.i'  droplets  will  increase  the  light  scattering  of  the  sample  by  1" 
or  d  . 

-'.nee  >  neruted,  the  aerosol  pass*  s  through  the  laser  polar  nephelometer 
:•  sen;  >'<i  iy  drams1  M  *  which  measures  the  light  scattered  by  aerosol  particles 
;n  v.-.e  ert:.i>:onal  planes  of  polarization  at  scattering  angles  between  10  and 
17.V  in  sV'ps  of  d° .  The  laser  source  is  polarized  either  in  the  horizontal 
n  :  er:>\nd  ocular  pdane  of  reference  ot  the  laboratory  and  operates  at  a  wave- 
h\U'Ub  -  >:  .  m.  During  each  e\Tv*rjment,  between  10  and  40  angular  scans 
*u.«n  so  bvat  the  *  ‘Xp^rim*  *i.ta  1  ints  in  the  figures  of  phase  functions 
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presented,  represent  tho  average  over  the  total  number  of  measurements ;  the  error 
Lurs  denote  the  variance. 

The  exporirv.ei’itation  included  light  scattering  measurements  on  particles  genera¬ 
ted  from  three  non- absorbing  salts  (sodium  chloride,  antnonium  sulfate,  and  potassium 
chlorate)  and  tuo  high  absorbing  compounds ,  methylene  blue  (Mis)  and  nigrosine  dye 
CO)  . 

3.  DATA  ANALYSIS  PROCEDURE 


The  polar  nephe Lome? ter  measures  the  light  diffused  by  the  aerosol  particles  at 

each  ancle  for  tv.o  orthogonal  planes  of  polarization  of  the  light.  Designating 

the  notarization  planes  by  the  index  i  (=1,2),  tine  signal  (  •)  detected  by  the 

instrument  (corrected  by  the  sin  •  effect  of  the  field  of  view)  is  proportional  to 

the  number  N  of  particles  crossing  the  illizninated  volume,  their  area  A,  scattering 

efficiency  0  and  normalized  chase  function  P  (  )  .  That  is: 

7  sea 


sea  i 


(  )  , 


(1) 


whore  D  is  the  sensitivity  of  t he  instruments. 

iiuantit'^s  A,  0  ,ind  P.  (  )  deuend  on  t he  size  and  shaix?  of  tho  particles 
“  '  sea  l 

(which  are  a  sunned  randomly  oriented),  Q  ^  f  ^  ()  depend  also  on  tho  ccxnplo: 
retractive  index  m  =  (  -2-)  which,  in  turn,  is  related  to  tho  chemical  ctmtxDsi- 

tion  of  the  particles. 

While  tine  'Quantity  D  is  obtained  from  our  instrumental  calibration  pro- 
cocuee'  ,  th.e  measurcfricnt  of  the  total  number  c  particles  N  :s 


troublesome. 
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Therefore,  only  the  product  N  A  Qs  is  obtainable  with  an  appropriate  choice 
e:  the  normalization  factor  Lor  P^(o)  defined  such  that: 

h  1  (Pi(^)  +  P;(o))  sinud»?  =  2.  (2) 

'o 

In  our  nv*asurements  (taken  every  o°  between  10  and  170°)  ,  we  chose  tc 
compute  the  normalization  factor  n  using  the  formula: 


p 

*  i 


(0) 


=  2  si 

n 


(3) 


'I'! '.at 


*  3 

\  =  h  •  ()  .  >  w,  s.  (o.)  sinO ,  +  r  +  )  M) 

ri  p  ■  i  ■  ■-  t  b 

arc  the  weights  of  the  Simpson  summation  rule,  and  and  are  the  con tri¬ 
bal  ion  to  the  normalization  constant  arising  from  the  two  regions  0-10°  and 
:  V)~!80°,  where  measur extents  are  not  available. 

It.  has  Loen  slxy.cn  that  a  similar  problem  arises  computing  the  value  of  the 
.vmm  »t  ry  :  act  or  C  from  the  measurements.  The  asymmetry  factor  is  a  parameter 
otten  ast  xi  in  radiative  transfer  models1'  ,  and  is  defined  as  average  value  of 
the  os  ]  :v  •  of  scattering: 

,  -  ( r*  (-  )  ♦  r\.  (  )) 

tr  \  - r1 -  si:v‘Cos*‘d,s .  (5) 

lu  *• 

1:;  anal^iv  ro  ig.  (3),  we  can  cirry  out:  a  numerical  sunnution  of  the  experimental 
data  to  obtain  .in  estimate  of  :rnom  an  eejuation  of  the  form 


{(>) 


w  s.  (  )  si rv  cos 

r  1  7  •  .1 


C  -  -  - 


■.core  p.  and  .uv  again  the  con t  ribut  ions  erisiiv:  fnmi  th«*  n*<;i(jns  riot 
ccvemM  by  the  anaular  scans. 

In  the  case  of  spherical  j.articles,  calculatuns  made  using  the  Vi* 
tcooiy  show  that  for  a  rea. .table  ranee  or  refractive  indices,  the  error  due  tc  ■ 
th.e  .mauLar  v runcat  i on  is  greater  than  the  expectoc  exferimental  error  tor 
values  of  the  sine  pa  raster  >:  (the  ratio  x  -  2~r/  between  2  tunes  tiv  radius 
of  th.e  particle  and  the  v;ave length)  areator  Mian  3.  For  a  sine  pammeter  •  yua i 
to  20,  f  he  contribution  o:  the  sea:  ferine  between  *0  and  !  7t'°  is  of  the  nt"f  ■:* 

.  :  0.0  :.  So  an  accurate  account  ma  for  scatterin':  b 'tween  2  and  !h  is  needed. 

T:  vc  P )  rv  a  rd  sea  t.  to  r  in:  ;  *.  o  ik  s  e :  1 ;  i  a  n  i  y  .  ibsc  :•  rb  i  r.a  >a  r  t  icles  o  1  •  n  *  no  ra  1 
s;:a:x.  ore  riaorously  described  by  the  diffraction  lav  (s**e  o.g.,  Bom  ,md  Welt' 
peMg  .  Pi  th.e  case  of  refraotin j  spheres,  ‘he  peaks  m\ •  th.e  result  of  intar- 
cr-nc1  between  diffraction  and  r.v  tract  ion,  as  noted,  for  example,  by  Hansen 
and  '”rnvis*;.  The  diffraction  formula  can  still  Ixj  considered  a  qood  approx i- 

riti'-n  (h-xlKinson  and  Greens  leaves L  0 ,  Kerker  ' ,  Pollack  and  Cuzzi 1 0 )  bu4  tile 

* 

:>>st  fitting  size  parameter  x,  will  bo  slightly  different  from  the  true  Mio 

sice  :  wiraineter  >•  .  .  In  fact,  the  first  minimum  in  the  diffraction  formula 
Mie 

coincides  with  th.e  first  zero  of  the  Bessel  function  of  the  first  kind,  given  by 


x.siivj  2:<  can  (  * / 2 )  ...os  (■  r2)  1,23  (3) 

d  d 

and,  in  #  irst  approximation,  the  first  minimum  of  the  Mie  theory  (for  real 
rari’tiv''  index  -  1.3)  is  given  by1 


x..  can  (  ■/.!) 


(S) 


.  *>*>»»/ 
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:u.  nr  !  y , 


hav * : 


c  2  0-^2  xdcos  (u/2)  .  (9) 

•or  hiahly  non-spherical  randomly  oriented  particles,  t die  diffraction  is 
.•luted  any  loader  to  a  single  value  of  size,  but  to  all  the  possible 
sections  obtainable  from  different  orientations  of  the  particles.  In 
r  a  ires  presented  in  this  article,  this  effect  has  been  disregarded  because 
ns  tier  only  particles  that,  in  the  measured  forward  portion  of  the  phase 
ion,  :.r  o  rise  to  wo  11 -defined  diffraction  peaks. 

computed  the  quantities  •  ^  and  *  ^  with  the  following  numerical  proce- 


nerru  nation  from  the  measurements  of  the  anule  interval  where  the 
.  r 's  r.  m  l  n  i  ;nt  tm  i  n  t  he  d  i  f  f  ract  ion  }x?a k  occurs . 

•linithn  of  the  ranoo  of  possible  size  parameters  y  from  the 
:.;u.u;r.  't  this  minimum  and  the  information  on  the  size  of  the 

1 1" ♦  i c  h  o.  as  obt  a  i nod  f rom  the  •  SEM  \  icture . 

♦ 

.mnutati  >0.  with  the  Fraunhofer  diffraction  formula1^: 


l 


2  J>  (xnsim4) 

x  3siniJ 
d  - 


(1  t  cos"  )) 


(10) 


l.«  st-iittina  values  of  :<  ,  and  of  the  normalization  factor 
:  tain,  --ru.it ion,  J.  (xahn-  )  leoresents  the  Bessel  function  of  the 

i  .  ■  t  f  ii:i 

•ail  ut  i  ri  *  a  t.  ho  t  .vn  i ntoqra  1  s : 


f 


f ’  i  (  ,x  ,)  sin  cos‘-d- 

ci  cl 


fd<  *,Xj)  sin1,  d'  . 


1 0/ 130. 

; r  *. ::o  backward  din\*t  icn,  ti>. •  contributions  of  \D  and  ^  are  much  less 
c  *1  an  i  the  phase  :: unctions  or  non-sphei  ical  particles  always  present 
snob  and  retail ar  slop-.  Tiler- bar '•  *,  a  simple?  linear  interrelation  for- 
:  *r  the  inteurand  in  <il)  and  (Id)  in  the  reoi  rn  1 70- 130°  appeared  to  lx? 
- v:. iv  t  a  t  *va :  a, it  e  ■ ;  m* : 

7 inure  I  shows  the  com:  arisen  iv  tween  ti  e  results  of  the*  Mio  theory  for 
.  *:o?  of  n i -  :rosme  dye  o:  mo  parameter  >.  -t  (complex  refractive  ind  •>: 

.  e7  -  i  0.6)  and  the  iixpurirvnt.il  values  >t  the  measurements ,  normal  izod 
■  way  mist  describ'd.  The  sr-ape  of  tire  cart  icles  none rated  is  shewn  in 
.avert  of  tire  fioure.  Their  minimum  and  maximum  size  parameters  are  9 .  2 


)  luted  value  of  the  usvmmetrv  factor  in  this  case  is 


!.u34  while  the  Mie  thee .irv  -lives  a  .  -  0.875.  Without  the  correct : ns 

*  Mie 

;  . ,  ;  ,  and  .  and  ^  ,  we  would  obtain  an  approximate  value  ot  d.f  1 5. 

iee  or  tiie  hieh  liuht  absorption  of  the  niarosine  dye  (estimated  imu  : inary 
.  >;  tire  coma lex  refractive  index  v  =  0.t>)  the  value  o:  the  Mie  size  p  na¬ 


me  e!  *  Me  Ul 


if  fraction  sine  ixaranyHer  are  practical Iv  t  he  .cine. 


[.  P[.VrrSI<'\T  uF  S(t- it:]  TYPTGM,  PHASF  MIXTIONS 


-ecu!  <  Utricles  •'!  exrierinvntul  r-'sult  obtain'd  !.t  1  iaht  absorb:: 
:  msorbmu  leres-ds,  ir*»  shown  m  Fin  0  and,  Fi  j.  b  Fi  :iu  e 
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n. ‘|  resent  s  the  measured  phase  function  for  non-absorbing  particles  of  NaCl 
•M  minimum  and  maximum  dimensions,  estimated  from  the  SEM  picture,  equal  to 
.'.7  -  3.0  ;.m.  Figure  3  is  the  phase  function  for  absorbing  particles  of 
metny Lene  blue  of  minimum  and  maximum  axis  1.6  -  2.2  um.  Comparing  these  two 
tigures,  wo  notice  how,  in  the  forward  portion  of  scattering,  both  kinds  of 
particles  present  teaks  that  could  bo  described  as  due,  basically,  to  diffrac¬ 
tion  (represented  by  the  clotted  line  in  the  figures),  while  in  the  other  direc¬ 
tions,  they  roLlow  different  patterns.  For  non-absorbing  materials,  the  frac¬ 
tion  of  light  reflected  by  a  surface  is  at  the  most  of  the  order  of  10%  of  the 
reiracod  friction;  the  refracted  light,  crossing  absorbing  materials,  decays 
pro: ort tonal  Iv  to  exp  (-2x  \  )  so  that  it  is  practically  completely  absorbed  at 
'pMcul  thickness  two  or  three ,  as  for  particles  of  Fig.  3.  While  the  par¬ 
ticles  of  MB  appear  to  bo  slightly  rough,  amorphous  crystals,  the  particles  of 
so  hum  chloride  are  a  shell -like  combination  of  crystals  so  that  diffuse  reflec¬ 
tion  car.  occur  on  their  surface. 

hr  rare  la  allows  the  angular  dependence  of  the  Fresnel  fraction  of  reflected 

•'it 'toy  for  spheres  with  refractive  index  of  sodium  chloride  (m  =  1.54  -  0  i)  and 

♦ 

Flo.  4b  for  spheres  with  refractive  index  m  =  1.55  -  0.51.  These  fractions 
dgend  on  th  •  oMiiph’X  refractive  index  mid  on  the  shape  of  the  particles;  they 
do  not  dope  no  on  the  sine,  but  are  influenced  by  the  roughness  of  the  surface 
(c'jmpar*  xi  w  i.  th  t  lv  i  wnv< '  lone  it  h )  .  The  f  ract  ion  of  ref  lected  1  ight  wi  th  t  ransver  se 
•  dectric  vector  has  a  minimum  (a*  the  Brewster  angle  of  the  material)  while 
tint  with  ton*  Tviicular  electric-  vector  increases  for  decreasing  onales  of 
seat  t*.  u  i  nu . 

'I  he  similarity  lx 'tween  the  reflectivity  curve  in  Fig.  4b  and  the  phase 
:  met  Koi  n:  the  particles  of  MB  confirms  the  idea  that  tee  reflected  component 
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’  rwiomnat .  *s  a*,  lurue  :\:at  t  er  in<  i  anqlus  whih  it  i>  weak  in  the  case  of  sodium 
chloride  crystals.  It  is  also  interestinq  to  note  that  the  refracted  unpolar- 
lc.co  :  i  :ht  of  sodium  chloride  has  an  angular  dofxandonco  similar  to  the  perpen¬ 
dicular  re l looted  component,  so  that  reflection  anci  refraction  are  practically 
i:\iistiivTuisliablo  if  the  liqht  is  unpolorizeb  as  in  the  case  discussed  by  Pol¬ 
lack  and  Curci 1 1 . 

the  liaht  refracted  by  a  randomly  oriented  nor.-spherical  particle  cannot 
lx'  descnix\i  by  on  exact  foinula,  therefore,  we  arbitrarily  chose  to  fit  this 
ccmcercnt  wit r  m  iienw  v-diu* nstein  r  ha  so  function '  0 : 


-  (1  -  q-)/(l  +  -  2q  cos**) 


J/  < 


(13) 
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: !•  mv-  " *■—  i  »nst  <  •  i:\  ohase  ;  uuct inn  c  is  51%  and  it  is  related  to  refraction  and 
■  infuse  reflection  (out  not  refraction  interfering  with  diffraction)  while 
t:v  rub  dun  vxx  e  f  iciont  c  ,  accounting  for  reflection  by  smooth  surfaces, 

?;v  i  lsuerveinent  in  Fig.  5  between  the  measured  backscattering  and  that 
ennut-d  tor  the  best- fitting  curve,  indicates  that  some  other  process  is  ac¬ 
tive  in  tnu  re  :r.)n  of  senttorine.  In  the  case  of  the  spheres,  the  high  back¬ 
seat  term:  a  basically  due  to  combinations  of  external  and  multiple  internal 
r»  ■:  h  »et  ions .  In  the  case  of  non-spherical  particles,  this  process  could  pro- 
fnciy  :*■  tr  i tad  with  models  of  light  reflected  by  rough  surfaces,  as  proposed 
iy  y.ukai  ana  "akar  '. 

I::  F;  ;.  <>,  that  is  for  methylene  blue,  the  major  contributions  are  from 

rare  m:  tractor,  (c ,  -  75  )  and  \  o  lari  zed  reflection  (c  =  25%). 

a  r 

Table  1  lists  the  coefficients  obtained  fitting  the  set  of  measured  phase 
funct. i  ns  tor  urosols  of  sexlium  chloride  of  different  sizes.  Presented  for  each 
;  irticla  size  is  the  size  observed  by  SEM,  the  best-fitting  Mie  theory  size  pa- 
ram  ur  (jf  snh  di  ■termination  was  :x>ssible)  ,  the  size  parameter  obtained  from 
tb-  our  -tit  tin:  curve,  and  the  values  of  the  asymmetry  factors:  that  for  the 
lit  •ny*'y-  'ivvmst*  an  phase  function  7;  that  computed  from  the  experimental  data  in 
the  mtor.nl  10-170°.  T;  and  that  obtained  with  the  extrapolation .  C.  A  few 
C(  *nn« on  t  h i s  t  able  are  necessary : 

0  Mvu  ■  b;v ‘re  f.l  size  of  the  part  icles  x^^,  actually  defines  an  interval  be- 
imuv  111  the  pictures  the  particles  appear  irre^xular? 
b)  *r  *  measured  : oaks  of  the  phase  functions  determined  the  size  of  the  parti- 
:  r  ms-'lv  than  the  nurtures,  but  still  not  enough  to  allow  us  to 
u.ulw  *:>■  rnt  rox!  systematic  differences  lx^  tween  x^^  and  x  ^,  without 
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o)  the  value  of  a  turned  out  not  to  be  critical  for  the  best-fit  and  always 

.ireund  the  value  of  0.4.  The  sank*  is  true  in  the  case  of  the  other 

non-1  i  :;:t  absorbing  salts,  thouuh  for  silently  different  mean  values  of  a . 

dorvrarine  the  values  of  the  coefficients  c,,  c.  and  c  in  Table  1,  it  can 

d  t  r 

bo  oh served  th.at  the  reflected  component,  c  ,  contributes  less  than  the  ethers 
to  the  measured  chase  functions.  Therefore,  in  order  to  obtain  information  in 
the  first  a;  ■prnxiir.ntion ,  on  the  relative  variations  of  diffracted  and  tr  insmit- 
:o.i  comrononts  as  function  of  size,  we  can  keep  this  coefficient  constant  and 
•canal  to  Jero  so  th.at: 


1  - 


C  U 


I '  i :: .  hi  shows  the  best  fitting  values  assumed  under  this  condition  by  the  coef¬ 
ficients  e,  (ordinate  axis  on  ket)  .  ir.d  c  (ordinate  txis  on  riqh.t). 

( {  t 

In  tb.e  case  of  spherical  non  linht  absorb Lnu  particles,  the  major  oscilla¬ 
tions  in  the  curve  of  the  extinction  coef  fici  .nt  ,  as  a  function  of  the  size 
parameter,  can  be  explainer  as  duo  to  constructive  .  in  J  destructive  interference 
i  j i  a i f  f racf*. *  1  an i  t ransmit  t » sd  liaht  ‘ .  The  s  n:  « 4 f  feet s  exj 'lain  also  t V.  :na i n 
oscil !.  a  lions  present  in  the  curve  of  the  nsymnot  ry  factor17.  Fiqure  ?k  allows 
‘he  ex;  orinent  al  values  of  the  nsyrmetry  factor  k,  as  function  of  the  size 

narmnder  x  ,  aloru  with  the  curve  of  the  asynmotry  factor,  computed  with  the 
d 

Mi..?  th* -cry  for  sober ical  particles  of  some  size  (asaumiiva  ^  -  x  and  complex 
iv  Inactive  i.ndox  m  -  l.'>4.  Coropxirinu  Fiq.  7a  and  Fie.  7b,  it  con  lx.)  se.  n  tint 
of  jr  p 4 1 .  t non  *  *x i st s  lx »t: w*  vi i  ♦.  h.e  va  1  ues  of  1 1  an  i  thou 4  o t  1 1  .e  coo f  f  ic lent  s  < ' f 


1  4 


di :  tract od  lieht  c^.  Moi'oovor,  the  values  of  G  follow  basically  the  same  law 
of  ti:e  Mae  scattering  asynuretry  factor  besides  a  constant  shift  on  the  x  axis. 

Tile  pictures  taken  at  the  SFM  of  the  particles  of  sodium  chloride  (see 
insert  Fig.  2)  show  that  this  salt  crystallized  in  quasi -spherical  structures 
internal Ly  empty.  For  spherical  particles ,  the  maxima  and  the  minima  in  asym- 
::vtry  factor  curves  are  always  in  the  same  position  for  different  materials 
if  plotted  versus  the  parameter  x(m  -  1).  In  fact  this  parameter,  called  phase 
shift,  taker  into  account  the  real  optical  path  of  the  refracted  rays  inside 
th:  :  -article.;.  Moreover,  different  authors,  discussing  optical  properties  of 
nm-n:  ivrica  1  particles,  have  demonstrated  that  the  size  of  irregular  particles 
cun  conveniently  expressed  by  the  radius  of  the  sphere  of  equal  volume  (see, 
o.u.,  references  10,  23,  24,  25).  Therefore,  it  is  3ustified  to  shift  the 
experimental  values  of  the  a  symmetry  factor  along  the  x  axis  (dotted  line  in  Fig. 

;  ,  i-  oixiu-r  to  take  into  account  the  real  average  amount  of  bulk  material  trans- 


'/^rsrvi  by  t)> ;  l.i  ;ht  rays. 

To  obtain  the  best  estimate  for  this  shift  we  computed  the  root  mean 
.-■■ruaiv  values  of  the  (ii stances  between  the  set  of  experimental  values  or  c- 


a;  i  i  t  he  t  lx  %.o i  e  t  i  ca  1  curv* a .  : 

Mie 


r.m.s. 


;  .1 

a 


iG .  -  q 


q 


IMio 


jMie  \ 

j 


t’5) 


i  -vial  v  ns  are 
»:  mult,  mlyi:;  : 


total  number  of 
plotttxl  in  Fiq . 
factor  i : 


independent*  determinations  of  G.  These  r.m.s 
8a  for  sodium  chloride  particles  as  functions 


Ue 


(16) 


x  . 
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In  the  calculations  the  Mie  theory  asymmetry  factors  have  been  obtained  as 
averages  on  a  narrow  size  distribution  of  particles  (a  log-nonnal  with  rela¬ 
tive  variance  of  5 in  order  to  avoid  oscillations  of  the  r.m.s.  deviations 
-with  the  "ripple”  of  the  Mie  theory.  Th.e  fiaure  shows  that  good  agreement 
to tween  theory7  and  experimental  values  is  found  shiftina  the  Mie  curve  by  the 
factor  1 . h . 

Analogous  considerations  car.  he  mad*,  or.  the  set  of  experimental  data  ob¬ 
tained  ::or  .tmmoniun  sulfate  mr l  potassium  chlorate  aerosols.  Fic;.  8b  stows 
t  ho  p  io  t  :  the  r.m.s.  dev  tat  ions  tot  wet  »n  1 1  e  asvmmc  ?  t 1  y  *  factors  for  particles 
of  ammonium  sulfate  [r  mplex  refractive  irtox  1.55;  q  -  9)  and  Fie.  8c  for 
particles  of  potassium  chtoratu  (rompl-  x  he:  met  ive  index  l.J°2;  j  -  3).  Both 
Fies.  8b  and  Sc  show  a  clear  minimum  *or  values  of  t::o  mu ; iply inu  factor  ’ 
about  1.5,  but  the  pictures  at  tile  v  : :  so  serosal  ;  articles  (see  topical 

examples  in  th.e  inserts  i n  Fies.  Jb  r. d  e)  ii  i  a <+-  chew  any  visible  i i .  heat:  an? 
u:  internal  holes.  If  we  third;  in  tore  to  inter** -rencos  to tween  di  f f meted 
mi  hr  msmi t tod  1  i c fnt  ,  wt ^  can  <. :on s  i  de  r  F i  ; .  oh*  ar.d  Fie.  8c  a s  e v ide: icv  that 
internal  empty  space’s  actually  existed  even  thouub.  not  e>to  rnally  visil  to. 

Ftoi.  Va  shows  the  com;  nr  icon  totwoe:;  the  experimental  values  of  the  ns\Ti- 
motiy  f  jetor  in  th.e  case  ef  njerosmo  dye  and  the  Mie  theory  cur\v  for  complex 
retractive  index  m  -  1.67  -  i.0.6  (q  -  (>)  .  "his  value  of  the  complex  refrac- 


t  i  v*  ■ 

die 

one  t: 

at  was 

:  r  •vidi  i  nn  t  he  to s t 

approximi- 

■  U  >U 

w  1 1  h  * ! *e  M  ie  1 1  \*  < > ry  f o \  -  *J 

to  set  to 

neasui’«  ’ 

d  phase  functions. 

The  a symmetry 

:  ic*  • 

a*  cur.v*  turns  out  to  have 

no 

OSC1  .1 

latii  >ns 

because  of  the  st  r< 

one  liuht 

.  u.cer:  t  i  xj  tirina  inside  t  he  mrtietos.  Consequently,  in  this  cast'  of 
■ :  i  ::  'sir.1  ■  iy*  ■ ,  the  r.m.s.  deviations  lxatv:eeu  the  asyinroeUy  factor;.;  dep  nds 
*o -ad  •  ■  *r.  *d«  multiplyme  ‘  ac tor,  ,  as  shown  in  Fie.  °b. 
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Tl:>'  exiortmental  results  obtained  on  aerosols  of  methylene  blue  (complex 
re  tractive  index  m  =  1.66  -  i0.6  and  q  =  8)  had  properties  completely  analo- 
oour  to  those  discussed  in  the  case  of  niqrosine  dye. 


5 .  A  :  SriSICAJ,  A1 ?  PROXIMAT I  ON 

iVa:  e:c  ■  rimcntal  results  have  demonstrated  that  the  laws  of  geometric  op- 
t  :o/.  ■■  \m  isixi  to  fit  phase  functions  of  non  spherical  particles  but  that  the 
‘lie  : : aoiy  needl'd  to  compute  the  asymmetry  factors  or  scattering  coefficients. 
Thar  in  ;r  sice  particle  range,  interferences  occuring  between  the  differ¬ 
ent  com: onei a  s  of  the  light,  diffracted,  refracted  and  reflected,  do  not  sup- 
no  rt  the  assumption  of  non-coherency  between  the  three  components .  We  observed 
i  i  so  that  the  principal  interferences  occuring  in  the  experiments  is  that  be¬ 
tween  diffracted  a nd  transmitted  licrht  in  the  forward  direction. 

If  we  og  ress  the  intensity  of  light  at  a  given  point  P  illuminated  by 
two  coherent  monochromatic  waves  as: 

♦ 

T  (P)  =  I*  +  I”  +  icos  (v)  ►  TrI,T  (17) 

whore  I’  *md  I"  are  the  intensities  and  .  the  difference  between  the  phases  of 
t.h.  ■  t  vo  wav*-.;,  we  h.ave  that,  at  a  given  angle  ,  the  scattered  intensity  is 


:  >roTX)rt  lonal  to: 
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t")  ”  hi  XAQsca  fd(''xd)  +  (1  "  •  *  1  -  f»;("'q)  +  ri(  "'m)1 


*■  Jcoa (;  (•>))  .•,(!-.)  ,t  f, ,r(‘  /q)  C(',x)',  i  =  1,2 


*'x;.ivs ses  the  ratio  between  the  light  diffracted  and  that  transmitted 
■vted,  and  t  is  the  fraction  of  liuh.t  transmitted  through  the  particle. 

1  )  is  the  arvrular  difference  between  the  phase  of  tlx.*  diffracted  and 
r  acted  i  icht ;  in  general,  .  is  a  function  of  the  scattering  ancle  and 
■meal  path  traveled  by  the  rays  inside  the  particle.  We  assume  hero 
diffracted  and  the  reflected  liaht,  indicated  with  in  (  ,:n)  arc  i_r:co- 


*  he  previous  section,  it  has  shewn  that  the  phase  between  the  dif- 

aad  refracted  iiqht  in  the  main  101  ward  :.oak  cal':  1 »:?  approximated  by 
.;e  of  the  axial  ray  throuer,  a::  « --juivs  !«.  ::*  volume  sphere,  so  tliat  at  zero 
.mele  we  have : 


..  '•  -  e  )  -  .  -  Jx .  (:i  -  :  )  -  5  (19) 

o  a  r 

% 

is  t h«.  real  part  of  the  complex  refract  ivv  index,  ••  is  the  value  of 
shirt  for  winch  the  ext  fact  ion  eiriciency  of  t he-  <iguivulent  volume 
re  ins  the  first,  maximum  and  *  is  the  multiplying  factor  as  defined 
;■  revi  ous  paragraph . 

the  other  directions,  in  analogy  with  the  spherical  case,  the  phase 
increase  quite1  rapidly  with  scattering  anal*1.  fYrpirieal  ly ,  this  can  be 
:  !  ■:  mu  it:.:.’  Ivirv:  cos.  with  a  Guissian  emotion,  decreasing  at  the  s.uix? 
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cos  ---  o  /  *  cos  (20) 

• .  it::  the  approximation  on  the  first  zero  of  the  Bessel  equation  of  the  first  kind 
:  ient  toned  in  fi;  i'7): 

-  arcs'Ln  (X./3.85)  (21) 

cl 

Wo  also  a  opr  xcuiiate  t  as  equal  to: 

t  -  (l-i )  exp  (-2  x  ,n . / 1 )  (22) 

r  =  (ri  +  r:)/2  1 

where  r  is  the  total  reflectivity  of  a  spherical  particle  and  the  exponential 
'  ir;es  into  account  the  internal  absorption. 

The  asymmetry  factor  o  of  the  f  (--el)  is  determined  experimentally  with 
*  he  procedum  of  the  previous  section  and  is  a  quantity  characteristic  of  the 
:  article  sic <e .  Now  we  con  define  the  following  quantities  (omitting  the 
\r  :\z\\Th.a  ot  th:e  unctions)  : 


sir.*1  d“  =  constant 


r 


)sj  rrd'i 


constant 


HG 


+  r 
~> 


fIjr)  ‘sin 

.  \  i 


a 


.o  asyriTvetiy  f actor,  u,  of  our  artificial  phase  function,  noasuiv 
i  by  the  Mie  t  her  >ry ,  vri  1  1  be: 


C->  P 


C-.)  V 


■  ( 1  -  .  ) 


JOS 


•(!-•) 


.;uu  10:1 


:::ru ry ,  it  all  the  approximations  "\v\  '  ai»*  reasonable,  ..a  this  i 
e  proven,  we  have  const  met*.  :  s  :  :  one  i  :i  *  not  is  fob'  t  ■.  •  . 

■ensured  phase  function  for  a  oonvom  ait.  ob. 'ice  et  *:e  f  r-  ■ '  :  an: 
•  aiven  values  ot  the  sire  pnLunet’  r  ,  th«»  mu  ;  t  i :  ay  l  n  :  Motors 
>:  i- 'f  ruot  ive  index  .  .  In  addition,  it  is  ;x'SsiMe  to  rrvdiot  :l 
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cos  >•  :i  o  *  cos  $  (^0) 

With  the  approximation  on  the  first  zero  of  the  Bessel  equation  of  the  first  kind 
mentioned  in  Mq  o  7): 

-  arcs  in  (x.,/3.85)  (21) 

<u 

Wo  alao  appr  'xiaiato  t  as  equal  to: 

t  -  { 1 — r )  exp  (-2  x  n./\)  (22) 

r  =  (ra  +  r,)/2  1 

where1  r  is  the  total  reflectivity  of  a  spherical  particle  and  the  exponential 
takes  into  account  the  internal  absorption. 

The  asymmetry  factor  g  of  the  f  „  (*,g)  is  determined  experimentally  with 
♦ho  proci.v.urj  of  the  previous  section  and  is  a  quantity  characteristic  of  the 
particle  sirre.  Mow  we  con  define  the  following  quantities  (omitting  the 
ireuzvnts  ot  the  functions)  : 


sir.-  d“  =  constant 
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’■'abacs  -  <  ti'  i  eventually  m)  where  the  Mio  theory  is  not  a  better  approxi¬ 
mation. 

Figures  h)  .  md  11  show  examples  of  the  comparison  between  the  experimental 
data  and  the  simulated  phase  function  as  obtained  from  Eqs.  24  and  18.  Fig.  10 
is  for  sodium  chloride;  *  is  equal  to  1.6  and  g  =  0.4.  Fia.  11  is  for  methylene 
blue;  *.  is  equal  to  1.0  and  G  to  0.8.  These  fits  are  similar  to  those  already 
discussed  in  the  previous  section  with  the  same  disagreement  at  backward  scat¬ 
ter  me:  .ingles.  In  fact,  this  second  formulation  did  not  change  anything  in 
that  :x>rti on  ot  the  phase  function.  Table  II  lists  the  values  assumed  by  \2 
for  the  sodimr.  chloride  aerosols  of  Fig.  10;  here  2  is  defined  as: 

Pi  0 

=  ».  1  (1  -  -  '  )  -  (27) 

1  u(s) 

wi  '.civ  v  (  )  ;re  the  values  of  the  semi -empirical  phase  functions. 

We  can  conclude  that  the  assumptions  made  in  determining  Eq.  18  approxi¬ 
mate  tb>  scatterin'?  processes  in  the  cases  analyzed,  and  that  with  the  use  of 
Ida.  7b ,  we  •  mu  ami  1  nr  1  y  roconst  r’uct.  ot  her  phase  funct  ions . 

As  a  trial  oonment ,  we  observ •  that  if  the  equations  would  be  precise, 
the  quant  lfy  ,  should  lx?  constant  and  identically  equal  to  0.5.  Therefore, 
tie  fluctuations  of  r  around  the  value  of  0.5  in  Table  II  are  a  quantitative 
<uimat*‘  *>!  ‘he  aoodness  of  the'  approximations. 


L\t:cu*su'N  s 


r 


Scnuerman  ot  al. ,  throuah  the  study  of  different  classes  of  well-defined 
oooiac tries,  presented  precisely  measured  phase  functions  in  each  case.  Coletti 
and  G ram  (1982)  observed  that  the  phase  functions  of  particles  of  sodium  chlor¬ 
ide  similar  but  not  identical  to  each  other,  were  indistinguishable  from  t  he 
phase  emotions  of  particles  of  ammonium  sulfate  crystallizing  with  completely 
different  shape,  analogous  size  and  similar  refractive  index.  That  is,  the 
slight  geometrical  differences  occuring  between  particles  of  the  same  salt, 
are  oaouch  to  wash  out,  in  the  scattering  phase  function,  the  characteristics 
related  to  a  specific  shape .  This  observe t ion  gave  a  more  general  meaning,  from 
the  application  point  of  view,  to  those  measur unents ,  even  though  they  were 
affected  by  larger  experimental  uncertain! ies. 

The  fitting  procedure  described  in  this  article  is  a  mathematical  re;  re¬ 
sent  a  tien  of  the  intuitively  simple  physical  concepts  of  di :  fraction,  ivri.ction, 
arid  refraction.  Mien  combined,  these  concepts  describe}  the  light  scattering  ob¬ 
served  •  or iment ally  with  only  small  uncertainties.  The  experimental  results 

% 

o  Pigs.  7  .m  i  8  showing  analogies  between  the*  measured  value  of  asymmetr.  fac¬ 
tors  .end  those  computed  with  the  Mio  theory  have  demonstrated  that  applying  the  laws 
d"  ice  no t r ic  optics  to  monodisperse  aerosols,  we  have  to  disregard  the  law  that 
the  cress  section  of  a  particle  has  to  be  <e.{ual  to  twice  its  cross  section.  We 
could  not  invoke  (as  did  Hcxikinson  and  Greens  leaves *  and  Pollack  and  Cs.sz  i*  )  .my 
wash  out  o  f  fee t  c lue  t o  s i zo  d is t r l bu t ion  ( Ke rk«  •  r 1  " )  ,  but  a t  t.l 10  same  t  imo ,  we 
we  re  all  owed  to  use  t  he  Mi  e  t  heo  ry  ti  j  r  si  *1  u  u'  l  c.  1 1  ;  vir  tides  as  a  suit  ab  1  o  c  r  i  t  or  i  on 
v)  .  valuite  the  inter  fen  -no  *s  between  the  l  iohl  diffracted  and  transmitted  by  the 
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;  \u  t  i ck'^. 

rho  adv.intaqe  of  our  empirical  approach  lies  in  the  fact  that  with  Eq. 

18  and  rhi.  8,  we  had  been  able  to  predict  the  set  of  measured  phase  functions, 
rho  only  free  empirical  parameter  introduced  in  Bq.  15  is  the  asynmetry  factor 
for  the  transmitted  component  q,  which  depends  weakly  on  the  shape  of  the  par¬ 
ticles  so  tint  it  can  be  assumed  the  same  for  different  kinds  of  geometries. 
The  parameters  ,  t  and  r  are  determined  by  the  complex  refractive  index  of 
the  material  and  its  distribution  inside  the  particle;  G  (or  y )  can  be  deter¬ 
mined  experimentally  as  in  our  cases,  or  calculated  using  Mie  theory. 
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FIGURE  CAPTION’S 


Comparison  between  experimental  phase  function  and  the  Mie  theory 
Lor  nigrosine  dye  crystal  of  about  2  um  size,  on  two  orthogonal 
planes  of  polarization  of  the  light.  The  value  of  v*  in  the  insert 
is  the  non  extrapolated  value  of  the  asymmetry  factor.  In  this 
case,  the  best- fitting  value  of  x^e  is  9.4  and  the  complex  refrac¬ 
tive  index,  m,  has  been  chosen  equal  to  1.67  -  i0.6;  the  extrapo¬ 
lated  asymmetry  factor  O  is  0.884. 


Measured  phase  function  for  sodium  chloride  crystals  with  size  about 

2.8  um  (shewn  in  the  insert) .  The  dashed  line  is  the  Fraunhofer 

diffraction  curve  for  x,  -  13.1. 

a 

Measured  phase  function  for  methylene  blue  crystals  with*  size  about 

2  .in,  (shown  in  the  insert).  The  dashed  line  ; s  th.c  Fraunhofer 

diffraction  curve  for  x3  =  11. 

c 

Fresnel  reflection  as  function  oL’  the  scat  ferine  ancle  ;  (a),  tor 
refractive  index  m  =  1.54  -  iO;  (b) ,  for  refractive  index  m  = 

1.33  -  iO . 3 . 

Comparison  between  the  measured  phase  function  for  sodium  chloride 
crystals  with  size  about  2.8  ,  m  and  the  best-fit  for  x q  ~  13.1. 

Comparison  between  the  measured  phase  function  for  methylene  blue 
crystals  of  about  2  kAm  size  and  the  best-fit  for  x^  = 


11. 


FIGURE  CAPTIONS 
(continued) 


Fie.  7.  (a)  Contributions  due  to  diffraction  in  the  case  of  NaCl  aerosol  as 

function  of  the  size  parameter  and  in  the  approximation  of  neg¬ 
ligible  contributions  of  reflected  light. 

(b)  E^cporimental  values  of  asymmetry  factor  for  NaCl  as  function  of 
the  size  parameter  (squares)  and  Mie  theory  asyrrmetry  factor 
curve  for  (continuous  line)  ;  the  dashed  line  is  the 

Mie  theory  asymmetry  factor  curve  but  for  x^  -  1-6. 


v  ig . 
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Fig. 


a 


Fig.  10. 


Root  mean  square  deviations  between  experimental  and  Mie  theory 
asynmetry  factors  as  functions  of  the  multiplying  factor  ; : 

(a)  for  NaCl 

!b)  i or  ammonium  sulfate 
(c)  for  ixd tassium  chlorate 

(a)  Comparison  for  nigrosme  dye  between  measured  asymmetry  factor 
(squares)  and  Mie  theory  curve. 

(b)  Root  mean  square  deviations  between  Mie  theory  and  experimental 
value  of  the  asymmetry  factor  as  function  of  the  multiplying 

L actor  •,  =  xd/^Uo. 

* 

Comparison  between  the  phase  functions  as  predicted  by  the  semi  empiri¬ 
cal  theory  (for  q  -  0.6  and  =  1.6)  and  the  results  of  the  experi¬ 
ments  for  sodium  chloride: 

(  : )  for  x ,  -  5. 

u 

(b)  for  -  7.8. 

(c)  for  x .  -  11.4. 

u 

(a)  for  :< ,  =  22.8. 

O* 


I  ’  i ' : .  1  ! .  O  mi  a  r  i  son  1  > » tween  pha s«  ?  f unc t ion  f 3red  ic t cxi  by  t  he  semi  ompi r  ica  1 

tbsory  (for  q  -  0.6  and  *,  -  1)  and  the  results  of  the  experiments 

tor  metir.Mone  blue*  with  size  :xirnmetcr  x,  =  11. 
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